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Abstract

A pixelated instantaneous phase-shifting interferometry (PSI) using a phase-only liquid
crystal spatial light modulator (LC-SLM) is developed and experimentally validated. The
LC-SLM generates high-frequency spatial phase modulation and introduces pixelated
instantaneous phase-shifting between two incident orthogonal linearly polarized beams
propagating along the same optical path. A single-frame pixelated phase-shifted interfero-
gram is captured in one exposure, and the wavefront phase is reconstructed subsequently
by using the proposed loop retrieval algorithm. In the experimental investigation, an in-
terference region segmentation method based on wavefront-modulated sequential images
is firstly developed to realize precise alighment between LC-SLM pixels and CCD pixels.
Secondly, based on the PSI setup established, wavefront measurement experiments for
system aberration, tilted wavefront and defocused wavefront are performed. Experimental
results show that the root-mean-square (RMS) value of the residual wavefront between
the retrieved tilted wavefront and its fitting plane is 0.046 A. Furthermore, the RMS value
of the residual wavefront between the defocused wavefront retrieved by the proposed
method and the eight-step phase-shifting method is 0.075 A, which verifies the effectiveness
of the proposed approach. This work provides a simple and rapidly deployable solution
for single-shot interferometric measurement.

Keywords: phase-shifting interferometry (PSI); wavefront retrieval; liquid crystal spatial
light modulator (LC-SLM); pixelated phase-shifting

1. Introduction

Optical interferometry, capable of measuring various physical quantities that induce
phase changes in light beams, is widely utilized in applications such as macroscopic
surface shape and microscopic roughness testing, full-field deformation measurement [1-3],
semiconductor wafer flatness and thickness detection [4], density field measurement in flow
fields [5], and displacement measurement [6]. Among the numerous methods for extracting
wavefront phase from interferograms, phase-shifting interferometry (PSI) is recognized as a
high-precision reconstruction technique. Temporal PSI requires stable light source intensity
and environmental conditions during phase-shifting operation, limiting its application
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to static or quasi-static phase measurements [7]. In contrast, simultaneous phase-shifting
techniques employ beam-splitting elements to divide the beam into multiple channels,
introducing different phase shifts in each channel to achieve simultaneous shifting. All
phase-shifted interferograms are captured in a single shot, and the measured wavefront
can be extracted accordingly, thus having significant application advantages in dynamic
wavefront measurement [8].

Currently, there are three common simultaneous phase-shifting techniques: Firstly,
using amplitude or polarization beam splitters to divide the incident beam into multiple
channels, introducing different phase shifts via appropriate waveplates in each channel,
and capturing multiple phase-shifted interferograms with multiple detectors at different
spatial locations [9]. This method requires detectors with identical photoelectric response
characteristics and high-quality optical coatings to ensure sufficient and uniform intensity
in multiple channels. Consequently, by using optical components such as quarter-wave
plates and beam splitters, the phase-shifted interferograms from different spatial locations
are arranged spatially and imaged onto a single camera, ensuring simultaneous acquisition
while reducing costs. Secondly, by utilizing one-dimensional grating for beam splitting [10]
combined with polarization elements to achieve simultaneous phase-shifting, three frames
of interferograms with phase shifts of —90°, 0°, and 90° can be generated simultaneously. In
addition, 2-D orthogonal gratings (including 2-D phase gratings) combined with polariza-
tion elements can also achieve simultaneous phase-shifting [11,12]. The technical challenge
of grating-based methods lies in the precise fabrication required to ensure consistent in-
tensity distribution among diffracted beams. Non-uniform splitting can lead to varying
intensities and contrasts among interferograms, significantly affecting measurement accu-
racy. Furthermore, a specially designed 2-D orthogonal holographic element [13] is used to
split the incident beam into four beams, and the required phase shifts are introduced via
polarizers with specific fast-axis orientations. Four frames of phase-shifted interferograms
are captured by one camera. This method offers a compact optical structure but involves
high fabrication difficulty.

The aforementioned three simultaneous phase-shifting techniques suffer from issues
such as non-uniform beam splitting, the need for accurate spatial registration of multiple
interferograms [14,15], high manufacturing difficulty and cost for key components, and
complexity in introducing phase shifts within the common-path interferometer. Subse-
quently, a micropolarizer array (also called a pixelated polarization mask) [16,17] mapped
onto CCD pixel units is used to generate simultaneous phase shifts between incident or-
thogonal circularly or linearly polarized beams, enabling wavefront retrieval from a single
interferogram. Polarization cameras [18,19] used in instantaneous interferometries employ
the technique of a micropolarizer array. This technology eliminates the need for beam
splitters and associated non-uniformity issues, features a compact optical structure, is com-
patible with various interferometer types, and offers good generality. Its main challenge
lies in the precise control of the size and polarization orientation of micro-units during
fabrication and installation of micropolarizer array.

The liquid crystal spatial light modulator (LC-SLM) has become well established and
is easy to obtain. In addition, the phase-only LC-SLM can achieve flexible and stable
wavefront control after precise calibration of phase modulation characteristics [20]; thus,
it can be effectively applied to the PSI to achieve phase-shifting operation. Moreover,
the LC-SLM, with a large target area and high resolution, can provide a large number of
independent phase-shifting units, which provides a hardware foundation for pixelated
phase-shifting. In this case, this paper develops the application of a phase-only LC-SLM for
PSI for realizing simultaneous phase-shifting, investigates a high-resolution phase retrieval
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algorithm, establishes an experimental system, and conducts systematic experimental
research on key techniques and the feasibility of the method.

2. Pixelated Phase-Shifting Interferometry Principles and Algorithm
2.1. The Principle of Pixelated PSI Based on LC-SLM

A phase-only LC-SLM can serve as a phase-shifting device [21,22] to construct tem-
poral PSI systems, and its basic principle is illustrated in Figure 1. Two linearly polarized
reference and test beams with equal amplitudes and orthogonal vibration directions from a
polarization interferometer are incident on the LC-SLM target surface along the same path.
The vibration direction of the test beam is perpendicular to the fast axis of liquid crystal
molecules; thus, its phase remains unmodulated. In contrast, the vibration direction of the
reference beam is parallel to the fast axis of the liquid crystal molecules. When a driving
image with uniform grayscale is loaded onto the LC-SLM, the phase of the reference beam
is modulated, thereby introducing a controllable phase shift between the reference and test
beams. After passing through the LC-SLM, the two beams still remain in an orthogonal
linearly polarized state and then interfere after passing through a polarizer whose fast
axis is at 45° relative to the vibration directions of the incident beams. While the LC-SLM
generates sequentially phase shifts of 0°, 90°, 180°, and 270°, four frames of phase-shifted
interferograms are captured:

li(x,y) = A(x,y) + B(x, y) cos[g(x, y) + 6] ©)

where A(x,y) and B(x,y) are the background and modulation intensity of the interferogram,
respectively; ¢(x,y) represents the wavefront phase of the test beam if the reference beam is
a plane wave; and J; (i = 1-4) denotes the phase shift amount. The wavefront phase is then
retrieved using a four-step phase-shifting method as follows:

(2)

@(x,y) =tan"! ly(x,y) — Iz(x/y)}

Li(x,y) — I(x,y)
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Figure 1. Schematic diagram of temporal PSI based on LC-SLM.

This is the classical four-step temporal phase-shifting technique. In this case, all
pixels of the LC-SLM generate the same magnitude of phase modulation during each
phase-shifting operation.

To improve the real-time performance of phase-shifting wavefront measurement, the
above four-step shifting operation can be integrated into 2 x 2 pixel units of an LC-SLM,
thus developing a pixelated simultaneous phase-shifting technology. A high-frequency
spatial phase pattern as shown in Figure 2 is generated by loading a driving grayscale
image onto the LC-SLM as shown in Figure 1. Consequently, four spatial phase shifts of 0°,
90°, 180°, and 270° are simultaneously introduced to each 2 x 2 pixels unit in the reference
beam. Only a single frame of the pixelated phase-shifted interferogram is recorded by
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the CCD camera. The wavefront phase can then be directly calculated from this single
interferogram according to the known phase shift distribution pattern.

2x2 pixels of unit cell rad
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Figure 2. High-frequency phase pattern introduced by LC-SLM to realize pixelated phase-shifting.

Figure 3 illustrates two representative optical configurations for pixelated PSI based
on the LC-SLM, where the technique is applied respectively to non-common-path and
common-path interferometers. In the Mach-Zehnder interferometer shown in Figure 3a,
the beam passing through the phase object serves as the test beam, and the other acts as
the reference beam. The orthogonally linearly polarized reference and test beams exiting
from the Mach-Zehnder structure propagate along the same path into the pixelated phase-
shifting system. By adjusting the half-wave plate (HWP), the vibration direction of the
reference beam is adjusted parallel to the fast axis of liquid crystal molecules, while that of
the test beam is perpendicular to the fast axis. The LC-SLM performs phase modulation on
the reference beam and introduces the high-frequency phase pattern as shown in Figure 2.
The test and reference beams reflected by the LC-SLM interfere with each other after passing
through a polarizer (P), whose fast axis is at 45° relative to the vibration direction of linearly
polarized light, and are imaged onto the CCD camera. It should be noted that pixelated
phase-shifting can also be achieved by placing the LC-SLM in the reference arm of the
Mach-Zehnder structure. However, as the test beam does not pass through the LC-SLM
in this arrangement, the LC-SLM'’s static aberration will be directly introduced into the
measurement system.

| Mach-Zehnder | Phase object

Pixelated phase-
Radial shearing

M1 interferometer i

shifting system

(LC-SLM@0%)

Incident : £ 1 BS
E light interlezometer i Incident Pixelated phase-
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Figure 3. Schematic diagram of two representative pixelated PSI configurations: (a) combined
with a non-common-path Mach-Zehnder interferometer; (b) combined with a common-path radial
shearing interferometer.

Figure 3b presents the application of the pixelated phase-shifting technique to a
common-path radial shearing interferometer for single-shot wavefront sensing. A linearly
polarized beam containing the measured phase is incident on the LC-SLM, with its vibration
direction at 45° to the fast axis of liquid crystal molecules. In this case, the LC-SLM emits
two orthogonally linearly polarized beams [23]. They travel into the radial shearing
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interferometer along the same path and then are separated by a polarizing beam splitter
(PBS) into a reflected and a transmitted beam. The reflected beam travels through lenses
L1 and L2 in a clockwise direction and thus is expanded, with the focal length of L1
assumed to be smaller than that of L2; the transmitted beam travels through L2 and L1 in a
counterclockwise direction and is contracted. The expanded and contracted beams pass
through the PBS again, then interfere after passing through P2, and are imaged onto the
CCD camera. After retrieving the phase difference between the contracted and expanded
beams, the measured wavefront phase can be obtained by further applying the radial
shearing wavefront reconstruction algorithm [5].

2.2. Phase Retrieval Algorithm

The interferogram recorded in the pixelated PSI system as shown in Figure 3 spatially
corresponds to the phase shift pattern introduced by the LC-SLM. Therefore, the intensity
at each pixel within a 2 x 2 unit cell can be expressed as

Iy = A+ Bcos(¢)
I = A+ Bcos(¢ +90°) = A — Bsin(g)

Iy = A+ Bcos(¢ +180°) = A — Bcos(¢)
Iy = A+ Bcos(¢ +270°) = A+ Bsin(g)

3)

The phase at that unit cell can be retrieved using the four-step phase-shifting method
expressed in Equation (2). By traversing the entire interferogram and calculating the
wavefront phase corresponding to each unit in sequence, the measured phase distri-
bution within the whole aperture is obtained. It is seen that a retrieved result with a
resolution of M/2 pixel x N/2 pixel is obtained from a pixelated interferogram with
M pixel x N pixel. This technical scheme is defined as the direct retrieval algorithm. For
computational convenience, four frames of separate interferograms can be decomposed
from a pixelated interferogram with the direct retrieval algorithm, and the steps are in-
cluded as follows: (1) Extract the pixel units corresponding to the LC-SLM phase-shifting
pattern from the pixelated interferogram. (2) Extract the sub-unit from the first quadrant
of each unit and assemble them into the first phase-shifted interferogram (I;) based on
their original relative position relationships. (3) Form the second phase-shifted interfero-
gram (Ip) from the second quadrant sub-unit. Similarly, obtain another two phase-shifted
interferograms (i.e., I3 and I4). For example, four frames of 3 pixel x 3 pixel phase-shifted
interferograms are decomposed from a 6 pixel x 6 pixel pixelated interferogram through
using the direct retrieval algorithm, which is shown in the left sub-figure of Figure 4.

To obtain the higher spatial resolution wavefront phase, a loop retrieval algorithm
is developed. At first, a sliding window is set with the same size as the phase shift unit,
which contains 2 x 2 sub-units. Then, the entire pixelated interferogram is scanned using
a sliding window that moves in steps of one sub-unit. Each time the window slides
to a position, the four sub-units within the window are placed into the corresponding
positions of the respective phase-shifted interferograms (I, I, I3, and I4) according to their
corresponding phase shift values. Taking the extraction process of I; (its phase shift being
0°) as an example, the loop retrieval algorithm is described as follows: (1) Construct and
initialize a matrix I; with the size of (M — 1) x (N — 1). (2) Extract the sub-unit data in the
pixelated interferogram which correspond to the phase shift of 0° and place them in the
corresponding positions of I1. The column indices of these data positions are (1:2:M — 1).
(3) Copy the data from columns indexed as (3:2:M — 1) in I; to their left adjacent columns,
i.e., the even columns indexed as (2:2:M — 2). (4) Copy the data from rows indexed as
(3:2:N — 1) in I; to their upper adjacent rows, i.e., the even rows indexed as (2:2:N — 2).
Similarly, another three interferograms can be extracted successively.
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Figure 4. Schematic diagram of direct and loop phase retrieval algorithms applied to a
6 pixel x 6 pixel pixelated interferogram.

Taking a 6 pixel x 6 pixel pixelated interferogram as an example, four frames of
phase-shifted interferograms with 5 pixel x 5 pixel can be obtained through using the
loop retrieval algorithm, as illustrated in the right sub-figure of Figure 4. Compared to the
original interferogram, data is missing only the rightmost column and bottommost row.
The key distinction between the loop and direction retrieval algorithms lies in the moving
step of their sliding windows: the loop retrieval algorithm moves in steps of one sub-unit,
while the direct retrieval algorithm advances by two sub-units. This difference enables the
spatial resolution of loop retrieval algorithm to be significantly improved.

3. Key Experimental Techniques
3.1. Experimental System

The experimental system for pixelated PSI based on the optical setup shown in
Figure 3a is presented in Figure 5. A laser beam with a wavelength of 633 nm emit-
ted by a He-Ne laser is expanded, collimated, and then incident on the Mach-Zehnder
structure. The incident linearly polarized light, whose vibration direction is at an angle of
45° to the fast axis of the polarization beam splitter (PBS1), is split into two orthogonally
linearly polarized beams with equal amplitude after passing through PBS1. These two
beams are reflected by mirrors M1 and M2 respectively, then pass through PBS2 without
loss, and finally enter the pixelated phase-shifting system along the same optical path.
The phase object under test is placed in the test arm of the Mach-Zehnder structure, and
both the phase object plane and the LC-SLM target plane serve as the object planes of the
imaging system.

In the pixelated phase-shifting system, a reflective phase-only LC-SLM (P512-0635)
manufactured by BNS (Boulder, CO, USA) is used, which features a spatial resolu-
tion of 512 pixel x 512 pixel, 16-bit grayscale (65,536 levels), and a target area of
7.68 mm x 7.68 mm. The CCD camera is a Basler Acal600-20gm (Basler AG, Ahrens-
burg, Germany), with a spatial resolution of 1626 pixel x 1236 pixel, a target area of
7.2 mm X 5.4 mm and wavelength range of 615 nm to 700 nm. According to the target
area of the CCD and LC-SLM and spatial layout, an imaging lens with a focal length of
150 mm is selected. Under this condition, the imaging size of the LC-SLM target area is
4.95 mm X 4.95 mm, which can be fully imaged on the CCD camera.
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Figure 5. Experimental system.

3.2. Phase Modulation Characteristics Calibration of LC-SLM

We built a Twyman—Green interferometer [24] to calibrate the phase-to-gray relation-
ship of the LC-SLM used in the system. At first, a series of phase-shifted interference fringes
are recorded as the gray level loaded to the LC-SLM incrementally increases. Then these
fringe patterns are analyzed using a modified Fourier transform method [25] to determine
the phase shifts. The resulting phase modulation curve is shown in Figure 6a. It is seen
that a maximum modulation depth greater than one wavelength (A = 633 nm) is achieved.
According to the calibration data, the required control grayscale values for four phase shifts
(0°,90°,180°, and 270°) are obtained with the help of adjacent point interpolation, which
correspond respectively to four points labeled gl to g4 in Figure 6a. Consequently, the
designed driving grayscale image as shown in Figure 6b is loaded onto the LC-SLM, and
the required high-frequency spatial phase as shown in Figure 2 is introduced between both

coherent beams.

1062

.

< 09 \
G 06
Q
(%)
s \
£ 03

Gray level <10

@) (b)

Figure 6. Calibration result of the LC-SLM and driving grayscale image: (a) phase modulation
characteristics curve of the used LC-SLM; (b) driving grayscale image loaded to LC-SLM.

3.3. Interference Region Segmentation

Before actual measurement of the wavefront phase, it is necessary to perform a precise
alignment operation on the LC-SLM and CCD, so as to ensure that the planes of the two
devices’ target surfaces are both perpendicular to the optical axis and parallel to each other.
Under such conditions, the square target area of the LC-SLM will also be imaged as a square
area. Moreover, the horizontal and vertical boundaries of the interferogram region should
also be strictly parallel to the pixel coordinate axes of the CCD surface. The alignment
relationship between both surfaces is presented in Figure 7.
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Figure 7. Alignment relationship between target area of LC-SLM and CCD image.

Here, we propose an interference region segmentation method based on wavefront-
modulated sequential images, which extracts the region of interest (i.e., ROI) from the CCD
image, thereby realizing the pixel matching and alignment operation between the LC-SLM
and CCD. In the experimental system, multiple different wavefront phases are randomly
introduced by the LC-SLM, and m frames of interferograms are captured and expressed as
follows:

I(x,y) = A(x,y) + B(x,y) cos[gx(x,y)],k=1,2,...,m 4)

In the experiment, m = 16 and the image size is 1626 pixel x 1236 pixel, among which
four frames are displayed in Figure 8.

Figure 8. The sequential interferograms after introducing random wavefront modulation to the
LC-SLM.

Due to the differences in phase distribution among the sequential interferograms, for
a certain pixel within the ROI area, its grayscale value varies randomly across different
frames with a large grayscale dynamic range; in contrast, for a certain pixel within the
background region, its grayscale value shows little to almost no variation across different
frames. To this end, the following variance measure is introduced to characterize the
variation degree of the grayscale value of a certain pixel:

1 & - 2
xuyl = *Z I( xlryz - I(xiryi)] ®)
M=
— m
where (x;,;) is the coordinate of a certain pixel, I(x;, ;) = L ¥ It(x; ;) represent the
k=1

mean intensity, and m is the number of frames.

The grayscale variances of all pixels in the sequential interferograms are calculated
according to Equation (5) and subjected to normalization processing, with the results shown
in Figure 9a. It can be seen from the variance statistical histogram shown in Figure 9b
that the variance values mainly fall into two classes (i.e., near 0 and 1), among which the
variances within the ROI area exhibit the maximum value and those in the background
area exhibit the minimum value. Furthermore, threshold segmentation is performed on the
variance image based on Otsu’s method, and the results are shown in Figure 9c. The binary
image obtained after threshold segmentation exhibits minor defects including small holes,
isolated pixels, and unsmooth region edges. Further mathematical morphology processing
is performed, including region filling and opening and closing operations, with the results
shown in Figure 9d. Finally, Canny edge detection and Hough line detection are employed
to derive the linear equations corresponding to the four edges; thus, four corner-point

https://doi.org/10.3390 / photonics13030218


https://doi.org/10.3390/photonics13030218

Photonics 2026, 13,218

9of 15

coordinates representing the rectangular ROI area are calculated as (255, 35) pixel, (1390,
35) pixel, (255, 1170) pixel, and (1390, 1170) pixel, respectively. The size of the extracted ROI
is 1136 pixel x 1136 pixel. The rectangular box in Figure 9e is the ROI area of one frame in
sequential interferograms.

% 10°

* 10

Number
(6]

0 0.5 1
Variance

(b) (0

(d)

Figure 9. ROI extraction of experimental interferograms: (a) normalized variance, (b) variance

statistical histogram, (c) threshold segmentation, (d) morphological processing, (e) ROI area of one
frame in sequential interferograms.

In the alignment of optical elements, if the target surfaces of the LC-SLM or CCD are
not perpendicular to the optical axis, the square ROI area will appear trapezoidal due to
perspective distortion; if the planes of the two target surfaces are parallel to each other but
there is an included angle between their horizontal coordinate axes, the upper and lower
edges of the ROI area will form an angle with the horizontal direction. These spatial pose
deviations will cause misalignment in the interferograms decomposed by the loop retrieval
algorithm. Based on the method proposed in this paper, the spatial pose relationship
between the planes of the object and image can be assessed according to the corner-point
coordinates of the square ROI area. Furthermore, with the help of the tilting stage under the
CCD camera support and the fine-tuning mechanism of the LC-SLM, the precise alignment
between the LC-SLM and CCD camera is realized.

4. Experiments of Phase Measurement
4.1. Measurement of System Aberration and Tilted Wavefront

Based on the experimental system, the proposed pixelated PSI is employed to measure
the system aberration and a tilted wavefront is introduced by appropriately tilting the
mirror M1. The acquired pixelated phase-shifted interferograms are shown in the left sub-
figure of Figure 10, respectively, with the ROI area of interferograms marked by solid-line
boxes. Within the ROI of 1136 pixel x 1136 pixel, the region is uniformly subdivided into
512 x 512 cells. This subdivision corresponds to the spatial resolution of the LC-SLM.
Consequently, each cell contains 2.219 pixel x 2.219 pixel, which is rounded down to
2 pixel x 2 pixel. The average grayscale value within the 2 pixel x 2 pixel in each cell is
calculated and taken as the intensity of this cell, thereby constructing a new intensity matrix
whose dimensions match the spatial resolution of the LC-SLM. Subsequently, the loop
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retrieval algorithm is applied to decompose the pixelated pattern into four phase-shifted
interferograms with a phase step of 90°, as respectively displayed in the right sub-figure
of Figure 10. The pixelated interferogram itself is difficult to interpret directly, while
the decomposed four-step phase-shifted interferograms exhibit the conventional fringe

structure of standard interferograms.

A

Figure 10. Pixelated interferograms for system aberration and tilted wavefront, and decomposed
phase-shifted interferograms.

The system aberration from the optical setup and tilted wavefront retrieved by the
pixelated PSI are shown in Figures 11a and 11b, respectively. It can be seen that the
experimental system contains a system aberration of approximately 0.8 A, which causes
the tilted wavefront to deviate slightly from the ideal inclined plane. By removing the
system aberration from the retrieved tilted wavefront, the tilted wavefront free of system
aberration is obtained, as shown in Figure 11c. To visually assess the retrieval quality,
Figure 11d presents a cross-sectional profile at the central column of the measured tilted
wavefront and the fitting plane. It can be observed that the tilted wavefront free of system
aberration is very close to the ideal plane.

y(pixel)

A A 5 ™y | mmm—— fitting plane
=<
0.6 = 3 1
4 48
0.4 < 2t |
| : 2 116 i
o2 2 .
0 L I I I I \7
0 0 0 0 50 100 150 200 250
(b) (c) (d)

Figure 11. Wavefront retrieval results of pixelated phase-shifting interferometry: (a) retrieved system
aberration, (b) retrieved tilted wavefront, (c) tilted wavefront free of system aberration, (d) cross-
sectional profile at the central column of the measured and the fitting phases.

4.2. Defocused Wavefront Measurements Using Two Interferometers

A defocused phase plate is placed in the experimental system, and comparative
measurements are conducted using two methods, namely the proposed pixelated phase-
shifting method and conventional eight-step phase-shifting method. Figure 12 shows the

https://doi.org/10.3390 / photonics13030218


https://doi.org/10.3390/photonics13030218

Photonics 2026, 13,218 11 of 15

interferogram obtained by the proposed method and four-step phase-shifted interferograms
decomposed from it.

Figure 12.  Pixelated interferograms for defocused wavefront and decomposed phase-
shifted interferograms.

To construct the experimental system for eight-step PSI, the following adjustments are
made on the basis of the setup in Figure 5: the LC-SLM is loaded with a frame of driving
image at the zero grayscale level, and a quarter-wave plate (QWP) is inserted in front
of P2, with its fast axis oriented at 45° relative to the vibration direction of the incident
linearly polarized light. By rotating P2 eight times with a step angle of 22.5°, eight frames
of phase-shifted interferograms are acquired sequentially, as presented in Figure 13.

i et

Y & —

Figure 13. Eight frames of phase-shifted interferograms recorded in eight-step PSI experiment.

The defocused wavefronts retrieved by the two methods are shown in Figure 14.
Figure 14c further presents cross-sectional data at the central row of the retrieved wave-
fronts. The results indicate that the retrieval results of the two methods are in excellent
agreement with minimal deviation.

5 5
L L m— pixelated phase-shifting
ﬂ 10 10 41| ===——— eight-step phase-shifting
F r . | =,
Q
g 2
5 5 s
1
0 . . f . I
L J 0 h ‘ 0 0 50 100 150 200 250

X(pixel)
(a) (b) (0

Figure 14. Defocused wavefronts retrieved by two methods: (a) retrieved by the proposed method,
(b) retrieved by eight-step PSI, (c) cross-sectional profile at the central row of the retrieved wavefronts.
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5. Discussion
5.1. Analysis of Wavefront Retrieval Accuracy

To quantitatively evaluate the retrieval accuracy, the residual wavefront for both tilted
and defocused wavefronts are calculated and visualized. For the retrieved tilted wavefront
shown in Figure 11c, the residual wavefront distribution between the retrieved phase and
its least-squares fitting plane is presented in Figure 15a, with root-mean-square (RMS)
and peak-to-valley (PV) values of 0.046 A and 0.6083 A, respectively. Figure 15b shows a
cross-sectional profile of this residual wavefront along the y-axis at its central column.

A A
R R 0.2
02 =
5 01
0.1 @
&
(1
. = 01
sp 1001° 0.2 - 100 190
wipixel) x(pixel - yipixel uipixel)
(a) (c)
- 01f
L 7 0.05
- g O
- E-o.os
[a)
L 0.1
50 0 150 200 250 0 50 100 150 200 250
y(pixel) y(pixel)
(b) (d)

Figure 15. Residual wavefronts: (a) residual wavefront distribution between the retrieved tilted
wavefront and its fitting plane, (b) cross-sectional profile at the central column in (a), (c) residual
wavefront distribution between the phases shown in Figure 14a,b, (d) cross-sectional profile at the
central row in (c).

For the defocused wavefront retrieved by the two methods (Figure 14a,b), the residual
wavefront distribution between them is presented in Figure 15c. The RMS value and PV
value are 0.075 A and 0.5183 A, respectively. A cross-sectional profile along the x-axis at
the central row is further provided in Figure 15d. In the comparative measurement of the
defocused phase plate, both methods are applied to the same phase object under an identical
beam aperture. Except for the insertion of the QWP in the eight-step PSI configuration,
the two systems shared exactly the same light source, optical components and layout.
This design minimized additional aberrations that might be induced by differences in
measurement conditions or optics. Considering the inherent high accuracy of eight-step
PSI, this experimental scheme provides a reliable evaluation for the effectiveness of the
proposed method.

It can be seen from the distribution characteristics of residual wavefronts that the
retrieval errors are relatively large in the four corner regions of the square aperture. This is
mainly related to the phase modulation non-uniformity of the LC-SLM, especially in its
edge regions. Therefore, the retrieval accuracy of the LC-SLM-based pixelated PSI can be
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further improved by adopting a circular beam aperture, together with precise calibration
and compensation for the local phase modulation non-uniformity of the LC-SLM.

In the proposed single-shot pixelated PSI method, the LC-SLM is only required to
generate a static, high-frequency pattern with four specific phase shifts. The four corre-
sponding control grayscale values are directly obtained from the calibrated phase curve
using adjacent-point interpolation. A global correction of its non-linear phase modulation
response is unnecessary. In addition, the inter-pixel crosstalk from LC-SLM may degrade
the accuracy of the generated high-frequency phase pattern, and a closed-loop compensa-
tion strategy involving direct measurement and pre-distortion of the LC-SLM input could
be implemented to further mitigate this effect. This aspect will be thoroughly investigated
in future work.

5.2. Performance Comparisons with Other Methods

A qualitative comparison of the proposed LC-SLM-based method with two existing
instantaneous PSI techniques, namely the grating-based method and micropolarizer array-

based method, is summarized in Table 1.

Table 1. Performance comparison of three simultaneous PSI techniques.

Aspect

Grating-Based Method

Micropolarizer
Array-Based Method

LC-SLM-Based Method
(Proposed)

Beam-Splitting

1-D or 2-D diffraction

Micropolarizer array

No discrete beam-splitter; phase

Principle grating deposited on sensor pattern directly written
Phase-Shifting Quarter-wave plate & Integrated micropolarizer =~ Phase-only LC-SLM
Element polarizer (in each beam) arrays (programmable)

Acquisition Scheme

Multiple interferograms
(single-shot)

Single interferogram
(single-shot)

Single interferogram
(single-shot)

System Complexity &
Alignment

Bulky; requires precise
registration of multiple
patterns

Compact; fixed alignment
but sensitive to fabrication

Compact; alignment required
only between SLM and camera

Spatial Resolution

Limited by camera pixels

Limited by array pitch and
camera pixels

Limited by LC-SLM pixel pitch
and camera pixels

Temporal Resolution
(Dynamic)

Limited by camera frame
rate

Limited by camera frame
rate

Limited by LC-SLM refresh rate
and camera frame rate

Wavelength Flexibility

Broadband

Broadband

Narrowband;
wavelength-dependent

Programmable; resolution

Key Technical Me?ture, simple optics; easy Commeraahzed; fully adiustable via pattern design;
Features to implement integrated .

easy to implement
Relative Cost Low High Moderate

Primary Limitations

Diffraction efficiency;
intensity inconsistent
between diffracted beams

Manufacturing precision of
micropolarizer alignment

Spatial non-uniformity
modulation and inter-pixel
crosstalk of LC-SLM

6. Conclusions

This paper presents an in-depth study on the method principle, optical structure,
wavefront retrieval algorithm, key techniques and experimental measurement of pixelated
PSI using a phase-only LC-SLM. The experimental systems based on the Mach—Zehnder
interferometer are established to conduct experimental investigation. A critical technical
contribution is the development of an interferogram region segmentation method based
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on wavefront-modulated sequential images, which achieves precise pixel-level alignment
between the LC-SLM and CCD sensor, thereby laying a technical foundation for the reliable
implementation of the method. The proposed method is rigorously validated through
wavefront measurement experiments for system aberration, tilted wavefront and defocused
wavefront. The results verify the feasibility and effectiveness of applying a phase-only LC-
SLM to single-shot, pixelated PSI. This technical solution eliminates the need for complex
beam-splitting optics and features single-frame retrieval, single-shot exposure, instanta-
neous measurement and compact structure. Consequently, the method shows particular
promise for measuring relatively low-frequency wavefronts and expands the application
scope of LC-SLMs in PSL

Nevertheless, the ongoing challenges of this method are also evident. The current
performance is constrained by the LC-SLM’s intrinsic properties, including its wavelength-
dependent response, finite refresh rate (which limits dynamic measurement temporal
resolution), and spatial non-uniformity in phase modulation. These limitations are ex-
pected to be addressed with ongoing advancements in LC-SLM technology. From a practical
standpoint, future work will focus on the precise calibration of local phase modulation char-
acteristics and the compensation of modulation non-uniformity and inter-pixel crosstalk.
Enhancing the control over pixelated phase-shifting accuracy is expected to further im-
prove measurement fidelity, paving the way for more demanding practical applications of
this technique.
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